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Abstract-  Recent  research  in  seizure  anticipation  has 
shown  that  "pre-seizure  states"  can  be  detected  several 
minutes  in  advance  from  analysis  of  EEG  time  series.  This 
time  frame  would  allow  development  and  testing  of  spe¬ 
cific  seizure  prevention  techniques.  Thus,  there  is  now 
growing  interest  to  bring  these  analysis  techniques  to  a 
broader  application  in  hospitals.  Similar  demands  come 
from  the  industry  as  there  is  strong  interest  to  incorporate 
analysis  techniques  into  EEG  acquisition  systems  and, 
moreover,  to  develop  miniaturized  possibly  implantable 
devices  for  seizure  anticipation  and  possibly  prevention. 
This  report  gives  an  overview  of  the  state  of  the  art  of  sei¬ 
zure  anticipation  techniques  and  addresses  future  re¬ 
quirements  to  allow  realization  of  seizure  anticipation 
devices. 
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I.  Introduction 

One  of  the  most  disabling  aspects  of  epilepsy  is  that  sei¬ 
zures  appear  to  be  unpredictable.  Although  there  is  a  consid¬ 
erable  bulk  of  literature  the  mechanisms  underlying  seizure 
generation  are  not  yet  fully  explored.  In  EEG  analysis  the 
search  for  the  hidden  information  predictive  of  an  impending 
seizure  has  a  long  history.  As  early  as  1975,  researchers  con¬ 
sidered  analysis  techniques  like  pattern  recognition  analytic 
procedures  of  spectral  data  f  1  ]  or  autoregressive  modeling  of 
EEG  data  [2]  for  predicting  epileptic  seizures.  Findings  indi¬ 
cated  that  EEG  changes  characteristic  for  pre-seizure  states 
may  be  detectable,  at  most,  a  few  seconds  before  the  actual 
seizure  onset.  None  of  these  techniques  were  implemented 
clinically.  Apart  from  applying  signal  analysis  techniques  the 
relevance  of  steep,  high  amplitude  epileptiform  potentials  (so 
called  spikes,  the  hallmark  of  the  epileptic  brain)  has  been 
investigated  in  a  number  of  clinical  studies  [3-5].  While  some 
authors  reported  on  a  decrease  or  even  total  cessation  of 
spikes  before  seizures,  re-examination  did  not  confirm  this 
phenomenon  in  a  larger  sample. 

In  recent  years,  technical  advantages  such  as  digital 
video-EEG  monitoring  systems  as  well  as  an  increased  com¬ 
putational  power  led  to  a  highly  sophisticated  clinical  epi¬ 
lepsy  monitoring  allowing  to  process  huge  amounts  of  data  in 
real-time.  In  addition,  chronically  implanted  intracranial 
electrodes  allow  continuos  recording  of  brain  electrical  activ¬ 
ity  from  the  surface  of  the  brain  and/or  from  within  specific 
brain  structures  with  a  high  signal-to-noise  ratio  and  with  a 
high  spatial  resolution. 
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II.  State  of  the  art  of  seizure  anticipation  techniques 

Recent  research  in  seizure  anticipation  has  shown  that  evi¬ 
dent  markers  in  the  EEG  representing  the  transition  from 
asynchronous  to  synchronous  states  of  the  epileptic  brain 
( pre-seizure  state)  can  be  detected  on  time  scales  ranging 
from  several  minutes  up  to  hours  (cf.  Fig.  1).  With  these 
findings  it  was  hypothesized  that  the  ability  to  anticipate  epi¬ 
leptic  seizures  would  dramatically  change  therapeutic  possi¬ 
bilities  and  would  eventually  decrease  both  the  risk  of  injury 
and  the  feeling  of  helplessness  resulting  from  the  unpredict¬ 
able  occurrence  of  seizures. 

electrical  seizure 
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duration  of  pre-seizure  state  [s] 

Fig.  1 .  Duration  of  pre-seizure  states  relative  to  electrical  seizure  on¬ 
set  obtained  from  analyses  of  intra-  or  extracranial  EEG  recordings 
using  different  time  series  analysis  techniques  [6-10,12-25]. 

Analysis  techniques  applied  to  both  intra-  and  extracranial 
EEG  recordings  so  far  can  be  divided  into  two  main  concept- 
based  categories:  Linear  time  series  analysis  techniques 
mainly  involve  spectral  analysis  using  FFT,  spectral  estima¬ 
tion  based  on  parametric  modeling  (AR/ARMA  models),  sig¬ 
nal  wavelet  decomposition,  analysis  of  phase  relationships  or 
coherence,  as  well  as  extraction  of  time-domain  based  de¬ 
scriptors  [6-10].  Nonlinear  time  series  analysis  techniques 
[11]  mainly  involve  estimates  of  an  effective  correlation  di¬ 
mension,  entropy  related  measures,  the  largest  Lyapunov  ex¬ 
ponent,  measures  for  determinism,  similarity,  or  interdepend¬ 
encies,  as  well  as  recurrence  quantification  [12-22].  Both 
categories  are  complemented  by  pattern  recognition  tech¬ 
niques  such  as  recurrent  neuronal  networks  [23],  cellular  neu¬ 
ronal  networks  [24],  or  fuzzy  clustering  [25]. 

Usually  these  techniques  are  applied  to  long-lasting  multi¬ 
channel  recordings  in  a  moving-window  technique.  Depend¬ 
ing  on  the  complexity  of  the  applied  analysis  technique  com¬ 
putation  times  vary  between  a  few  milliseconds  up  to  some 
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tenth  of  seconds.  Thus,  most  applications  can  be  performed  in 
real-time  using  standard  personal  computers. 

III.  Future  requirements 

Results  obtained  so  far  underline  the  high  impact  of  both 
linear  and  nonlinear  EEG  analysis  techniques  for  a  timely 
detection  of  pre-seizure  states.  Given  the  technologies  cur¬ 
rently  available  as  well  as  rapid  technological  developments, 
realization  of  implantable  seizure  anticipation  and  prevention 
systems  can  be  envisaged.  However,  in  order  to  achieve  an 
unequivocal  definition  of  a  pre-seizure  state  from  either  inva¬ 
sive  or  non-invasive  recordings  a  variety  of  studies  have  to  be 
carried  out  beforehand: 

( 1 )  Up  to  now  findings  were  exclusively  obtained  from 
retrospective  studies  in  well  elaborated  cases  (predominantly 
unilateral  focal  epilepsies).  Thus,  evaluation  of  more  com¬ 
plicated  cases  as  well  as  prospective  studies  on  a  larger 
population  of  patients  including  different  types  of  epilepsies 
are  necessary. 

(2)  Most  studies  carried  out  so  far  have  concentrated  on 
EEG  recordings  just  prior  to  seizures.  However,  other  studies 
[7,8,12,26,27,28]  have  shown  that  there  are  phases  of  dy¬ 
namical  changes  even  during  the  seizure-free  interval  point¬ 
ing  to  abnormalities  but  are  not  followed  by  a  seizure. 
Moreover,  a  variety  of  pathologically  or  physiologically  in¬ 
duced  dynamical  interactions  are  nor  yet  fully  understood. 
Among  others,  these  include  different  sleep  stages,  different 
cognitive  states,  as  well  as  daily  activities  that  clearly  vary 
from  patient  to  patient.  Thus,  in  order  to  evaluate  specificity 
of  possible  seizure  anticipation  techniques  analyses  of  long- 
lasting  multi-channel  EEG  recordings  covering  different 
pathological  and  physiological  states  is  mandatory  [13,19]. 

(3)  In  order  to  allow  broader  clinical  applications  analyses 
of  non-invasively  recorded  EEG  have  to  be  carried  out.  Al¬ 
though  some  studies  [2,10,15,18]  indicate  that  pre-seizure 
states  can  be  detected  using  scalp  EEG  recordings,  specificity 
of  these  findings  is  hard  to  evaluate  since  again  these  studies 
lack  the  comparison  with  sub-critical  state  changes  during  the 
seizure  free  interval.  A  problem  particularly  related  to  analy¬ 
ses  of  scalp  EEG  recordings  is  the  definition  of  the  unequivo¬ 
cal  time  of  seizure  onset.  In  case  of  seizures  originating  in 
deep  brain  structures  scalp  EEG  recordings  usually  pick  up 
the  spreading  of  seizure  activity  to  more  superficial  brain 
areas  rather  than  the  unequivocal  EEG  onset  of  a  seizure. 
Depending  on  the  individual  properties  of  seizure  spread, 
only  anticipation  times  longer  than  a  few  seconds  can  be  as¬ 
sumed  reliable.  In  contrast  to  analyses  of  invasive  EEG  re¬ 
cordings  the  spatio-temporal  dynamics  of  the  epileptogenic 
process  is  notoriously  difficult  to  study  through  scalp  EEG 
time  series.  This  is  mainly  due  to  a  poorer  signal-to-noise 
ratio  and  because  of  contamination  with  physiological  and 
technical  artifacts  that  are  hard  to  avoid  during  long-term 
EEG  recordings.  Thus,  development  of  refined  artifact  detec¬ 
tion  and  elimination  techniques  has  to  be  carried  out. 


(4)  A  further  problem  that  relates  to  both  invasive  and 
non-invasive  EEG  recording  methodologies  is  the  minimum 
number  of  sensoring  electrodes  and  the  minimum  distance  to 
the  epileptic  focus  to  allow  unequivocal  definition  of  a  pre¬ 
seizure  state.  Several  recent  studies  indicate  an  improved  de¬ 
tectability  of  pre-seizure  states  when  applying  multivariate 
time  series  analysis  techniques  [8,12,16,17,18,28].  These 
studies  provide  evidence  that  a  minimum  number  of  sensor¬ 
ing  electrodes  and  a  minimum  distance  to  the  seizure  gen¬ 
erating  area  can  be  estimated. 

(5)  EEG  analysis  techniques  have  to  be  further  improved 
to  allow  better  characterization  of  non-stationarity  and  high- 
dimensionality  in  brain  dynamics,  as  well  as  to  disentangle 
even  subtle  dynamical  interactions  between  pathological  dis¬ 
turbances  and  surrounding  brain  tissue. 

(6)  Depending  on  the  complexity  of  EEG  analysis  tech¬ 
niques  and  depending  on  the  number  of  recording  channels 
necessary  to  allow  unequivocal  detection  of  a  pre-seizure 
state,  the  use  of  powerful  computer  systems  is  still  required. 
Thus,  optimization  of  underlying  algorithms  and  development 
of  a  powerful  and  possibly  miniaturized  analyzing  system  are 
necessary.  This  system  will  likely  require  processing  of 
multi-channel  data  in  parallel  as  well  as  optimization  for  each 
patient.  Given  the  potential  for  seizures  to  alter  brain  dynam¬ 
ics  over  time  such  a  system  will  also  likely  require  periodic 
retraining.  In  this  context,  open  and  reprogrammable  analysis 
systems  based  on  e.g.  field  programmable  generic  arrays 
(FPGA)  or  cellular  neuronal  networks  (CNN,  [24,29])  appear 
to  be  a  promising  venture. 
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